ABSTRACT Background: Obesity is a risk factor for disability, but risk of specific adipose depots is not completely understood. Objective: We investigated associations between mobility limitation, performance, and the following adipose measures: body mass index (BMI) and areas and densities of visceral adipose tissue (VAT), subcutaneous adipose tissue (SAT), and intermuscular adipose tissue (IMAT) in older adults. Design: This was a prospective population-based study of men (n = 1459) and women (n = 1552) initially aged 70-79 y and free from mobility limitation. BMI was determined from measured height and weight. Adipose tissue area and density in Hounsfield units were measured in the thigh and abdomen by using computed tomography. Mobility limitation was defined as 2 consecutive reports of difficulty walking one-quarter mile or climbing 10 steps during semiannual assessments over 13 y. Poor performance was defined as a gait speed ,1 m/s after 9 y of follow-up (n = 1542). Results: In models adjusted for disability risk factors, BMI, and areas of VAT, abdominal SAT, and IMAT were positively associated with mobility limitation in men and women. In women, thigh SAT area was positively associated with mobility limitation risk, whereas VAT density was inversely associated. Associations were similar for poor performance. BMI and thigh IMAT area (independent of BMI) were particularly strong indicators of incident mobility limitation and poor performance. For example, in women, the HR (95% CI) and OR (95% CI) associated with an SD increment in BMI for mobility limitation and poor performance were 1.31 (1.21, 1.42) and 1.41 (1.13, 1.76), respectively. In men, the HR (95% CI) and OR (95% CI) associated with an SD increment in thigh IMAT for mobility limitation and poor performance were 1.37 (1.27, 1.47) and 1.54 (1.18, 2.02), respectively. Conclusions: Even into old age, higher BMI is associated with mobility limitation and poor performance. The amount of adipose tissue in abdominal and thigh depots may also convey risk beyond BMI.
INTRODUCTION
Disability rates have achieved modest declines in the elderly US population (1) . However, steady increases in obesity in older adults (2) may mitigate these improvements (3) (4) (5) . Studies from recent years have provided convincing evidence that links obesity and disability (6) (7) (8) (9) , including 30-150% greater risk of incident disability relative to normal weight (8, 9) . Similarly, a systematic review concluded that obesity is consistently and positively associated with disability in older adults (10) .
Most studies have classified individuals as obese by using BMI, which is an indicator of overall adiposity. Additional adiposity measures may provide insight into disability relationships. For example, studies have reported that abdominal adipose tissue estimated from waist circumference is a better predictor of disability than BMI (11, 12) . However, little is known regarding specific adipose depots (ie, measured with radiographic imaging) or other characteristics of adipose tissue such as adipose tissue density.
Previously, we identified adipose density measured from the Hounsfield units (HU) 4 of computed tomography images as a novel marker of mortality risk in older adults (13) . Denser adipose tissue was associated with increased mortality risk independent of adipose tissue area and BMI. We propose that adipose tissue density may provide insight into relations between adiposity and disability indicators.
The aims of this study were to provide a comprehensive assessment of adiposity and risk of mobility limitation and poor performance in older adults. Specifically, we explored associations with BMI and areas and densities of adipose depots in the abdomen [visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT)] and thigh [SAT and intermuscular adipose tissue (IMAT)].
SUBJECTS AND METHODS

Subjects
We used data from the Health, Aging, and Body Composition Study (Health ABC). Health ABC is a prospective, longitudinal study of 3075 community-dwelling black and white men and women aged 70-79 y. Participants were recruited from a random sample of white Medicare beneficiaries and all black Medicareeligible residents in the Memphis, TN, and Pittsburgh, PA, areas. All participants were initially free of mobility limitation defined as no difficulty walking one-quarter mile or climbing 10 steps and free of difficulty performing basic activities of daily living. Exclusion criteria were active cancer treatment in the previous 3 y, participation in a lifestyle intervention, or planned move from the study area within 3 y. Baseline data from interviews and a clinic-based examination were collected between April 1997 and June 1998. ) were calculated by multiplying the number of pixels of a given tissue by the pixel area by using Interactive Data Language software (RSI Systems). Tissue types were identified on the basis of radiographic density (HU), which was calibrated to distilled water (0 HU) and air (21000 HU). Thus, higher HU indicated more-dense tissue. Adipose tissue areas were defined as voxels between 2150 and 230 HU. After distinguishing fat from lean and bone tissues, VAT was distinguished from SAT by tracing along the fascial plane defining the internal abdominal wall. Adipose tissue density was assessed from the mean HU. Adipose measures were missing or outside of the image-viewing field for n = 114 (VAT area), n = 191 (abdominal SAT area), n = 64 (thigh SAT area, IMAT area, thigh SAT density, and IMAT density), n = 119 (VAT density), and n = 209 (abdominal SAT density), which resulted in differing numbers of participants by measure.
Outcomes
Self-reported physical function was assessed during annual clinic visits and telephone interviews every 6 mo over 13 y of follow-up. Mobility limitation was defined as 2 consecutive reports of having difficulty walking one-quarter mile or climbing 10 steps. Reports must have involved the same function (ie, 2 reports of difficulty walking one-quarter mile or 2 reports of difficulty climbing stairs). If participants missed a study visit, target dates for when the visit should have been completed were used to calculate the time to event or censorship. When questions were not answered, missing data were imputed by interpolating between the most-recent previous visit with data and the first following visit with data. A final determination of limitation status was made from an interview or, if needed, a proxy interview and hospital records.
Gait speed was examined as an objective measure of performance. Usual gait speed over 6 m was assessed 9 y after the baseline study visit in n = 1542. Participants were instructed to walk at their normal pace for the duration of the test. Timing was started with the first footfall and stopped with the first footfall after crossing the end line. Gait speed ,1.0 m/s was used to identify poor performance (14, 15) .
Covariates
Baseline covariates related to adiposity or mobility limitation were chosen a priori including age, education, race, study site, smoking status, prevalent diabetes, cancer, coronary heart disease from self-report and medications (coronary bypass, angioplasty, myocardial infarction, or angina), pulmonary disease (asthma, chronic bronchitis, emphysema, or chronic obstructive pulmonary disease), physical activity, self-reported midlife weight, and knee pain. Education was categorized as less than high school, high school, or postsecondary education. Smoking was categorized as never, former, or current. Prevalent disease was determined from self-report, medications, and clinical assessments. Physical activity was assessed as the activity spent walking or exercising in the 7 d before baseline (16) . Pain was determined from self-reported presence or absence of pain in either knee.
Statistical analysis
Differences between groups were compared by using 2-sided t tests or chi-square tests. Correlations between BMI and adipose area and density were examined by using Spearman's correlation coefficient (r). Sequentially adjusted Cox proportional hazards models were used to estimate HRs and 95% CIs for risk of mobility limitation. HRs were expressed per sex-and racespecific SDs of BMI and adipose area and density. Models were stratified by sex because of known differences in body composition and physical performance (6, 17) . The proportional hazards assumption was tested by using Schoenfeld residuals and was not met for physical activity, which was modeled as time varying. Model 1 was adjusted for age, race, and study site. Model 2 was additionally adjusted for education, smoking status, prevalent disease, physical activity, midlife weight, and pain. Model 3 was further adjusted for BMI to determine whether adipose measures were associated with mobility limitation beyond risk attributable to BMI. Collinearity assessment within models revealed mean variance inflation factors ,1.7. Sensitivity analyses were conducted with the exclusion of participants with BMI (in kg/m 2 ) ,20 because of possible relationships between underweight and limitation (18) .
Logistic regression was used to estimate ORs and 95% CIs for poor performance per SD increment in adipose measures. Models were sequentially adjusted for the same risk factors as in Cox models. All analyses were performed with STATA software (version 12.1; StataCorp LP). Significance was determined at P , 0.05.
RESULTS
The mean (6SD) age of the analytic sample at baseline was 74.2 6 2.87 y, 51.5% of subjects were women, and 41.5% of subjects were black. Baseline characteristics for participants (n = 3011) with measures of thigh adipose tissue are presented in Table 1 . Participants who developed mobility limitation were predominately women, older, black, less educated, and more likely to report current or former smoking in addition to being heavier, more obese, and having more comorbid conditions. BMI was positively associated with all adipose areas and inversely correlated with all measures of adipose density (P , 0.001; Table 2 ). The mean follow-up for mobility limitation was w6 y. During follow-up, 2243 participants (129 participants/ 1000 person-years) developed mobility limitation.
Relationships between adipose measures and risk of mobility limitation are shown in Table 3 . In minimally adjusted models (model 1), BMI and all adipose depot areas were positively associated with risk of mobility limitation in men and women. Associations remained significant with adjustment for covariates in model 2 except for thigh SAT area in men. With additional adjustment for BMI (model 3), the following adipose depots remained associated with risk: VAT area in men (HR: 1.10; 95% CI 1.01, 1.19), IMAT area in men and women [HRs: 1.37 (95% CI 1.27, 1.47) and 1.08 (95% CI 1.00, 1.16), respectively], abdominal SAT area (HR: 1.13; 95% CI 1.02, 1.26), and thigh SAT area (HR: 1.18; 95% CI 1.08, 1.28) in women. In model 1 (Table  3) , VAT and IMAT density were inversely associated with risk of mobility limitation in men and women. With adjustment for covariates (model 2), thigh IMAT density remained marginally associated with risk in men, whereas VAT and IMAT density remained associated in women. After adjustment for BMI (model 3), abdominal SAT density became positively associated with mobility limitation (HR: 1.10; 95% CI 1.02, 1.18) in men, whereas all relations were attenuated in women. The exclusion of participants with BMI ,20 did not appreciably change relations for any adipose measure (not shown).
BMI and areas of VAT, abdominal SAT, thigh SAT, and thigh IMAT were all associated with increased odds of having poor performance in model 1 ( Table 4 ) in men and women. Associations for VAT area were attenuated for men and women with additional adjustment for covariates (model 2). Thigh SAT area in men was marginally associated with poor performance in model 3 (OR: 1.22; 95% CI: 1.00, 1.50), whereas thigh IMAT area was associated in men and women [ORs: 1.54 (95% CI: 1.18, 2.02) and 1.25 (95% CI 1.01, 1.54), respectively]. IMAT density in men and VAT density in women were associated with poor performance in model 1 (Table 4) . With adjustment for 
DISCUSSION
To the best of our knowledge, these findings provide new insight into associations between obesity, mobility limitation, and poor performance by exploring multiple radiographic measures of adipose tissue including adipose density, which is a novel indicator of adipose tissue characteristics. Our results suggest that BMI as well as adipose depot area are robustly associated with risk of mobility limitation and poor performance. In addition, adipose area may convey risk beyond BMI for select depots. For every SD increment in VAT and thigh IMAT area, there was 10% and 37%, respectively, increased risk of mobility limitation in men. In women, for every SD increment in abdominal SAT, thigh SAT, and thigh IMAT area, there was 13%, 18%, and 8%, respectively, increased risk of mobility limitation. Adipose tissue density may also convey risk of incident mobility limitation and poor performance, although risk relations were less convincing than for adipose area and generally not independent of BMI. Our findings align with those of previous studies on obesity and risk of disability or limitation in older adults (8) (9) (10) 19) . Of the measures assessed in the current study, thigh IMAT area and BMI appeared to be particularly strong risk factors for mobility limitation and poor performance. The positive association between IMAT area and mobility limitation was previously reported in the Health ABC after 2.5 y of follow-up (20) . Our data suggest that IMAT continues to be an important risk factor for future mobility limitation even into old age (participants 83-92 y old after follow-up). Similarly, risk relations persisted for BMI despite BMI generally being a weaker correlate of adiposity in old age (21) . Also of note, thigh SAT area was positively associated with risk of mobility limitation in women and poor performance in men and women. This result contrasts with the notion that a greater leg fat accumulation may have metabolic and cardioprotective properties (22) (23) (24) that reflect a low fatty acid release and more-favorable inflammatory profile relative to abdominal and portal adipose tissue (25) (26) (27) (28) . The potential opposing risk relations between thigh SAT and health outcomes should be examined in future research.
Although obesity is a well-established risk factor for disability, less is known regarding potential mechanisms. Obesity is a risk factor for many chronic diseases (ie, diabetes, heart disease, and osteoarthritis) that would be expected to contribute to disability; however, relations between adipose tissue and mobility limitation persisted with adjustment for prevalent disease in our study and other studies (29) . Previous studies have suggested that a direct physical burden (strain on the skeletal system) (30), adipose infiltration of organs such as in liver and muscle (20) , inflammation (31), and general deconditioning (32) may contribute to relations between obesity and disability. In our analysis, adjustment for indicators of deconditioning (physical activity and knee pain) did not attenuate associations between BMI, adipose area, and limitation or function, which suggested that these factors incompletely explain risk.
To our knowledge, this is the first examination of adipose tissue density in relation to functional outcomes, although parallels can be drawn with studies of muscle density that also assessed from the HU of computed tomography images. Studies within the Health ABC (20, 33) and other cohorts (34) have suggested associations between muscle density, strength, and a decline in performance, possibly more so than muscle area. These associations are in contrast with our results, which suggested stronger relations with BMI and adipose area than adipose tissue density. It is unclear why adipose tissue and muscle densities appear to have divergent relations. However, the fact that BMI and adipose tissue area were more consistently related to mobility limitation and poor performance provides a potential avenue for intervention because the modification of BMI and adipose depots may be more clinically feasible. Indeed, clinical trials of weight loss in older adults have suggested that weight and fat loss can improve mobility (35, 36) .
Potential mechanisms that underlie relationships between adipose tissue density and mobility limitation are unclear because there are few studies of computed tomography-measured adipose density. Our previous work suggested that the density of adipose tissue is not related to inflammation but is positively related to adiponectin (13) . Higher adiponectin in older adults has been associated with greater physical disability (37) , but this variable likely represents a marker of disability not a causal relation. Rather, it appears that associations between adipose tissue density and risk of mobility disability largely reflect risk attributable to heavy BMI. Adipose tissue density was inversely correlated with BMI, and risk estimates for mobility limitation and poor performance were generally attenuated with adjustment for BMI. Additional research into clinical and biological correlates of adipose tissue density may provide additional insight into relations. A strength of the study was that the population was initially free from mobility limitation, which minimized potential reverse causation from preexisting mobility limitation. Additional strengths included the biracial population, frequent assessment of mobility limitation over an extended follow-up period, and availability of computed tomography images, which permitted the precise assessment of abdominal and thigh adipose depots and adipose tissue density. We also used 2 outcomes related to mobility limitation and function. Risk associations with an objective measure of function showed markedly similar relations as self-reported mobility limitation. However, the study cohort was restricted to initially well-functioning individuals and excluded individuals older than 79 y. Associations may differ for lesshealthy populations or different ages. We also used indicators of disability that were centered on lower extremity function, and it is possible our results may have varied with more-global measures of disability.
In conclusion, more than three-quarters of participants developed mobility limitation and upwards of 40% of participants had poor performance despite being initially well functioning. These results show the importance of identifying factors that place an individual at increased risk of future limitation. Our results show that, despite controversy over BMI as an indicator of overall adiposity in old age (21) , heavier BMI continues to be associated with risk of mobility limitation and performance into late life. IMAT is also robustly associated with risk, suggesting that an investigation into interventions that target IMAT (38) in addition to the promotion of healthy body weight may be warranted.
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